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Surfaoe Cravity-Veves

IUTRONCTION

Ocean waves are gensrated by the sotion of wind blowing over ths surfroo of water.
The winds are irregular in their intensity, dirootion and duration and the result-
ant waves vary in period, height and direotion of travel. When we oonsider also
the extreme diffioulties on2 encounters in measuring the waves in nature, and the
affect of hydrography on wave oharacleristics, thon 1t oan de appreciated how
greatly the investigator is handioapped in his study of wave action and how much
nodel studies are needod in many instances in order to understand the basic laws
of wave motion. One of the most usef:l units to the engineer in this rogari is
the ripple tank, which as a laboratory instrument permits ths study of wave prob-
lems involving refraotion, diffraotion, refleotion and decay of waves. It is also
reliadle and handy for demonstration purposes, for it shows, within the field of
vision of an engineer, phenomene which in the prototype might oover many square
niles,

EQUIPMENT

Ripple Tanks

The ripple tank used in this study is located in the Fluid Kechanics Leboratory
of the University of California, Berkeley, California (Fig. 1). It is 443 inches
wide, 20 fest long, and 5 inoches deep. The tank is made of aluminum, except the
rniddle section of the bottom whioh oonsists of a glass plate, 3/8 inches thick,
for observation. A point souros light counsisting of a 250W meroury-vapor lemp is
iocated underneath the ohannel at an optioal distance of approximately 10 feet.

% mirror set at 45° to the horizontal refleots the lizht 90° to an observation
soreens A sohematio diagram of the ripple tank is shown in Figure Ze

The screen oonsisted of a pieoe of traoing paper stretohed to a €0 inch by §0
inoh wooden frame. It was looated direotly over the glass seotion of the riople
tank between two guides (one on each side of the tank) and could be raised or
lowered by means of strings and pulleys for the rurpose of focusing the wave
images on the soreen. The theory of the optioal system is based on the fact
that when light passes through a disturbed water surface, it will not be uniform
in intensity due to the varying angle of refraotion at the surfacs. A wave acts
&s & lens and concentrates light at the wave orests; hence the wave crests are
ropregented by bright bands in the photographse.

Photographlo Equipments

The oamera used wans a Bell and Howell "Filmo" 16 mm movie camera 70-DA f. 1le5
with e 15mm fooal length lens. The film used was Cine~Kodak Super XX high speed
panchromatio safety film. Most of the motion pictures were taken at 64 frames
per second (oorresponding to an exposure time of 1/125 sec.) with an opening of
fo 1.5. The distance between still-water level and the soreen varied from 25
inohes to 60 inohes, averagingz 40 inohes. The distance betiwssn the =zoresn and
camera averaged 6 feet, in most ouses. All the data observed during the tests
are presented in Table I.
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Wave Generator:

A plunger type wave genecator was useds The geusrator was supported by a
movable frame and ocould be placed at any position along the ripple tank., The
amplitude of the movement was ocontrolled by an eccentric and ocould pe varied
from O to about 3/4 of an inch. The fregquency of the pluanger could be¢ varied
from about 1 to 20 per seoonds By trial a wave steepness was seslected so as
to produce a series of clear images on the screen,

Test Coaditions:

A pictorial summary of this study of wave motion in variocus idealited condi-
tions is presented in Figures 3a through 3g. The wvarious phenomerna prasanted
in these figures and the test oonditions are summarized in Table I,

DISCUSSION

In water of uniform depth periodic waves are propagated with uniform velocity

and without ochange of form. The wave orests remmin parallel to each o%hner.

This is dexmonstrated in Run 1 (Pigure 3a).  The relationship between pericd, length
and veloocity characteristios of pericdic wave phenomena is

LICT..-oooooooooooooooooooo.o (1)
Winere L is the length, C the velocity and T the period of the waves,

If water of oonstant depth is disturbed oy small periodic impulses, the wave
langth and veloocity are related to the depth by the equation

c 3# mh 2ﬂ’d ® & & o o & & v 6 o 9 o o o o o o o (2)
27 L

where d is the water depthe As long as the surface tension has negligible in-
fluence and the wave neiznt is s=mall 22 compared with d and L, this equation
anplies to both deep-water and shallow-water waves,

For waves whers surface ‘ension is not negligible {where the radius of curvature
is very small) the velcoity is given by the equation

2T 2mwd
CSJE%-’J.LJtanh—l‘:'-.o.ooooonoooo(3)

where C  is the surface teasion in lbs/ft and S° is the density of water in
slugo/fts.

Experiments by A, J. Chinn (keference 4), indicated that for wave lexngths of
0,075 ft. or less, the effent of surface tension had to be considered, but that
the second term (27°w /. L) in the velcoity equation had to be modified. Chinn
found that the average experimental results for waves in this region were 11.5%
lowsr than indicated by the theory and in order to correct this discrepansy the
term (2% 7/ f L) was reduryd by 40K®. Por the preseant ripple tank studies the

T s (0 —— e

*The author of the presert report is of the opinion that this statement should
ts viswed with ocaution and that additional laboratory experiments should be per-
formed. This statement is based upon the results of a few meamsuroeusiise
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wave length for each run vas moro than 0,075 ft., and in addition the surfece
tension was reduced to about 40 dynoa/bm.; hence, the Equation (2) should be
valid,

In Bquation (2) tarh (27 d/L) approaches unity when d beoomes large as compared
with L. When d/L = 0,25 the wave velooity is 5% less than thrat for deep-water
waves. For d/L = 0.5, tanh (2J d/L) = 0,9968 and the errcr in wave velocity
will be negligibie using the formula

Co - \rg%; - 5.12T ¢ @ o ® ¢ e o o o o e o o o 0 © o o o o o (4)

where tanh (27d/L) is taken as & unity. In most papers the waves in water
having a depth greater than half the wave length are considered as deep-water
waves, while waves in lesser depths are shallow-water waves,

If the wave length is vers large as compared with the depth, tanh (27 d/L)
approaches 2 31 d/L and Bquation (2) takes the form

C-\h—s_':— —2-3-9-:\[;.......-..........(5)

Run 1 (Pigure 3a) represents the condition for a uniform depth of water d =
0.04 ft. and & constant wave period T « 0.24 sec. To compute the wave length
for the given condition we have from Equations (1) and ?gg the followirg
equation

L® g/2:772 tanh (277d/L) » 5,12 T2 tanh h (2md L) o« . . . « & (6)

In this equation L is in implicit form. To solve it, L in tanh (27d/L) should
be assumed for the first approximation and the computations repeated until the
equation is satisfied. This procedure is tedious; oonsequently, tables have
been prepared to present various faotors as functions of d/L, and d/L (Ref. 11),
Making use of Bquations (1) and (4) it is found that

L°t5012T2-..-...........-....... (7)
for Run 1 (Pig. 3a)

Lo = 5.12 (0424)2 = 0,2949 ft.
and

d/Ly, ™ 0,1356
‘Por this value of d/L, ia the tables it is fouud that d/L ® 0,1713 which gives
L & 0.04/0.1713 » 0.234 ft. This is in close agreement with the measured wvalue
of 024 f'te
Por Run 2 (Figure 3a) the ohannel wee divided longitudinally so that, starting
from a certain point, helf of the channel had a depth of d « 0,071 ft. while
the other half had a depth of d @ 0.027 ft. Tha narind wnn tha sama for hath
of the seotions (T s 0422 860.).

L, = 5012 (0.22)2 - 0.2478
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For the left side, d,/Lo = C.2865, Making use of the tables (Ref. 11) it is
feund that 2:/L = 0,3000; hence, L = 0,071/0.3000 z 0,237 £t. as compared with
the measured wave length, L s 0.24 ft., For the right side of the ochannel, d =
0.027, d/Ly = 0.1090; hence d/L & 0.1488 and L x 0,027/0,1488 = 0.181 ft. which
again was nearly the same as the measured value of 0,184 ft.

Wave Refraction

Vinen waves approach a beach at an angle their orests are bent, becauss the in-
shore pcrtion of the wave front travels in shallower water and hence, at a
lower welosity than 4oes the portion ir deeper water. The bottom topography,
thoe wave period and direction of travel in deep water determine the character-
istics of refraction in shoaling water. Ths result of refraction is & change
in wave height, length and direction of wave travel. The lenzths of waves
travelling over a shoaling beaoh iz decreased due to the deoreased velooity
for La C T, as T renains oonstants The decreased wave lezzth means also a
ooncentration of wave energy and, henoce, an inorease of wave heights, for

Pl H \2

P " (2
whera Py and Py is the power per unit length of crest passing points 1 and 2
and Hy and H, are the corresponding wave heights.

Thus, waves travelling over a sultmarine ridge usually will be decreased in
lenzth and increased in height and passing over a submarine valley will be
inoreased in length and decreasec in height,

To illustrate the refraction on a shoaling beach Run 6 (Pigure 3a) was oom=-
pleted. A uniformly sloping beach with a slope of 1:13 was introduced with an
angle of 57° between the front of approaching waves and the parallel contour-
lines of the beach. The refraotion pattern can be seen olearly in the photo~
graph of Run 6, However, the best conception of this phenomena can be obtained
by ohserving the moving piotures taken with a speed of 48 frames per sesond

and than projeoting them at about 1/3 of this speed. The imreased neights of
the wavses on the shore are indicated by the sharper crest-lines in the photo-~

g‘&ph.. .

Runs 3, 4, and 5 (Pigure 3a) illustrate the changes in wave lengths and velooities
as the waves pass over shoals of various oonfigurations. In Run 3 the waves

ars passing over an abrupt trlangular shoal; in Run 5 over an abrupt rectangular
shoal; while Run 4 demonstrates the wave characteristics when an abrupt "invert-
e1™ triangular shoal is introduced. It might be stated that Runs 3 and 5 repre-~
sent the wave phenomenon over a submarine ridge, while Run 4 is similar to the
wave charaoteristios over a submarine valley, Naturally the oharge of the depih
in the o3ean usually is not so abrupt. This will ohange the charaoteristios
only as far as the angle of intersection of wave orest-lines is concerned,

A gradual ohange of depth will introduce a gradual change in the direction of
wave travel, as can be seen in Run 5, which demonstrates the rafraction of

waves on & sloping beach,
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Run 7 (Pigure 3b) was of wave refrastion in a V-shaped channel with side-slopes
of 1312. It oan be seen clearly that the waves “wheel™ around by approximately
90° and break on the beaches as they enter the channel. The breaking waves are
indicated by relatively wide and strong white lines in the photcgraphy. Almost
all of the wave energy is destroyed in breaking waves, and sc the wave height

is decreasing very ravidly as they advance along the ohannel. From this rel-
atively simple experiment it ocan be seen that it is advantageous to use a channel
with flef sloping sandy beaches %o connect & harbor or basin to a body of stormy
waters in order to prevent the waves from penetrating into the harbor.

Wave Diffraotion

When a wave train is interrupted by a breakwater or similar barrier a sheltered
regicn is formed., The phenomenon by whioch water waves are propagated into this
sreltered area is oelled diffraction. A lknowledge of the diffraotion phenomenorn
has important applioation in the design and loocation of breakwaters in conneotion
with harbor development., It also has a bearing on the distribution of wave
energy along beaoches located in the lee of headlands and offshore islands. The
vheanumenon is analogous to the diffraccion of light, sound and electromagnetisc
veves, and theories for breakwater diffraction have been adapted from those
thecries,

Basioally there are two types of dirfraction problems, ccnnected with breakwaters;

(1) Diffraction around the end of a semi-infinite impermeable
bnrrier,
(11) The passage of waves through & breakwater gap.

o exact solution has been found for the oase of a barrier of finite length, but
it is believed that satigfactory results ocan be obtained by using the solution
of semi~infinite barrier for each of the ends. It has been found that this
assumption is allowable only in the case where the length of the barrier is iong
compared with the wave length (ses aiso the section under "Islands™).

The theory of water wave diffraction will not be presented here as this is
reasdily available in the literaturs. The purpose of this paper is to demon-
strats visually, by photographs and moving plotures, the wave-characteristios
when dif fraction ocours at various types »>f obstaoles.

In Runs 8 and 9 (Figure 3b) a aemi-infinite breakwater was introduced., Run 8
demonstrates “he diffraction pattern from deep into shallow water around a
breakwatsr tip. An abrupt shange of depth was introduced along tre geomstriocal
shadow c¢f the breakwater and the depth of the water in the shadow was about 3/5
of that outside. It can be seen that tho wave-crests in the lee of breakweter
ars almost straight, up to a line dramn about 20° from the tip of the treabwater
t> the geometrioal shadow, Fron hers on the wave orest assumes an almost
oirasular form, with the center at the tip of breakwater,

Run 9 (Figure 3b) demonstrates di:fraction around a semi-infinite barrier, from
shallow-water into deep watar, The depth of water in the shadow sesition behind
the breakwater is about 5/3 of that outside. As in the photographs, the height
of diffracted waves in deep water s very small as compared with the incident

waves. This is indicated by the wide, low contrast, ocrest-lines., The ciroular
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corm of the wave orest in the lee of brealwater is distorted again by a short,
almost straight porticn of crest, conrecting the more advanced circular orest in
deep-water arnd the incident wave in shallow water. The change from a stralght
erest to a ourved one appears to be more abrupt than in Run 8. However, the
diffraotion pattern depends greatly upon the ratic of water depths in the lee

of breakwater to the depths cutside. For the uniform depth of water it would
be expected that the wave orests in the shiadow of the breakwater would assume

an almost oiroular form, with their center at the tip of breakwater. As for

the heights of diffracted waves - shallow water in the lee results in higher
diffraotsd waves than if deep water exists in that area.

Some breakwaters have gaps through which vessels may enter shelterad waters.
When waves pass through & gap, diffraction ocours at the two ends of the gape
In the oase of a relativaly narrow gap (compared with the wave length), the
diffraction of waves in the lee of breakwater will be different than tha%
around a semi-infinite breakwater tipe. Theories have been developed for this
oondition (Ref. 3 and 10) snd generalized diagrams developed by Johnson (6)
for various conditions of wave approach and wave length. These diagrams ocan
be used as transparent overlays, and by moving them over a chert of a harbor,
the location of the breakwater to give the most desirable proisstion ocan be
obtained,

It hes been found that when the gap width is in excess of about five wave
lengths, the diffracotion patterns at each side of the opening are nearly inde-
pendent of each octher. In suoch cases the pattern given for a semi-infinite
breakwater ocan be used to estimate the height and direction of waves on the
leeward side. As a oomparison, it might be mentioned here, that this faot seems
to be valid also for the diffraction pattern around the ends of a finite-length
breakwater. This has been demonstrated in Runs 15 to 25 (Figures 3f and 3g)
wherein waves diffracted around a vertiocal walled oylinder., When the diameter
of the oylinder approached & wave lengths, the diffraction patterns arcund each
of the ends appear to be nearly independent as far as the alinement of the wave
orests is oonserned. This fact is discussed further in the seotion on "Islands®,

Run 10 (Pigure Sb) was made to demonstrate diffraotion at a brealwater gap.
A breakwater was introduced which axtended coupletely across the tank, with an

"opening of about 1,2 wave lengths wide in its center, The water depth was vni-

form and the wave period was T = 0,22 ses. The nearly ciroular wuve pattern,
with oenter in the middle of the gap, canbe observed in the photographe. The
shange of wave heights is indicated by the intensity of white orest-lines.

The waves were relatively hign close to the gap and along a line parallel to the
direotion of wave approach and passing through the center of the gape The wave
height deoreased rapidly within the shadow of the breakwater in the direstion
perpendioular to the diroction of wave advance, and less rapidly in direstion
of wavo approach,

It has been shown by Putnam and Arthur (Rof. 2) that the geometricel shape of
the breakwater tip, within the limits of their investigation, had no material
influence on the wave diffraotion pattsrns With a sharp corner, it was

observed that a secondary disturbance originated at the corners with propagated
oapillary wuves with a ciroular pattern superposed upon the mairn gravity-wave --——
system. This is very clearly demonstrated in Run 10 (Figure 3b). A better
oonoeption of this phenomsnon ocan be obtainsd by observing the movies of this
runs however, the pattern oan be distinguished also in the photo shown in
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Figure Sb. Rounding of the oocrners will practiscally eliminate the secondary
oapillary wave systeme Ihis is demonstrated in Run 12 (Figure 3h) wherein
diffraotion oocours around the leeward end of a vertical-walled wedge.

Wave Reflection

Wave motion in hartor basins often is inoreased due to waves being reflected
from vertioal or nearly vertiocal walls, In small-soale models involving wave
action the side walls and wave generator of the models or tanks may result in
refleotions which can produoce arroneous or misleading results, Total reflection

_will oocour at smooth vertioal, rigld, impermeable barriers, while for almost
total dissipation a flat sloped permeable wall is necessary., There is a transie
tion region between total reflecstion and total dissipation. Besides the slope
of the wall and the characteristics of its oonstruotion (rigidity, permeability,
rouzhness of the surface eto.) the following factors effeot the dissipation of
wave energy: (i) the water depth, (ii) the wave length, (iii) the wave height,
(iv) the angle of wave approach.

Buns 11 and 12 (Fig. 3b) were made to demonstrate the refleotioa of gravity
water waves at & rigld, vertical-walled barrier. In Run 11 a barrier was
introduce at 459 to the direction of wave epproach, while in Run 12 a quarter
of a oylinder was used with the tip of the wsdge facing the approaching waves
and the sides of the wedge inolined by 45° to this direoction. The depth of

the wuter was uniform for both of the runs. From the few experiments performed
it appears that (i) the anrle of incidence was equal to the angle of reflection;
(ii) the wave lengths and velosities remain unshanged - only the direction of
travel being changed; (iii) in ocase of a smooth, rigid impermeable vertical
wall, the individual wave heights were not greatly affested by the refleotion.

Conclusions (i) and (ii) are verified by the faoct that the incident waves and
refleoted waves formed almost perfeot squares when the angle of incidenoce was
45°, as oan be readily seen in the photographs of both Run 11 and Run 12 (Figure
3b)e The third conclusion came from the fact that the intensity of white orest-
lines of reflected weves olose to the obstacle was almost the same as the )
intensity of the incident waves (see Run 11),

Runs 15 to 26 (Figures 3f and 3g) also show reflection patterns, where the
pattern of reflected waves appear to be oircular. Total refleotion may result
in doubled wave heights due to the superposition of inocidencs and reflected
waves. This is demonstrated in Run 11 (Figure 3b) by the high intensity of the
interseoctions of incidence and refleoted wave trains., An engineer, designing
a harbor should teke this fact under oonsideration. Breakwaters to be bullt
olose to navigation channel should be construoted so as to absord all or most
of the wave energy without considerable reflecstion. There are many harbors where
this faot was not taken into consideration; the result being that the entranoss
to the harbors are dargerous to navigation, even for incident waves of medium
hoizht.

Islands

When a train of waves is interrupted by an island, there is generally a zone of
"wave shadow™ in the lee of the island. Sinoe the regular pattern of a long
swell is disturbed even at great distances beycnd islands, the early navigators
wore ablie To use this phoncmenon as a guide to new islands, The fmotors whioh
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influenoe the penetration of wave energy intc the wave lee of an island are:
(1) refraotion by undersater topograrhy, (ii) refraction by currents, (1ii)
diffraction, (iv) variability in direction of wave travele These faciors may
be olosely related,.

Refraotion by underwates topography. The distribution of refracted wave energy
in the lee of an i1sland is oritioally dependent upon the bottom slope. When

the wave approaohes the shore, its velooity will be reduced due to the decreas~
ing depth of the water; and when the orests reach the beach they tend to become
parallel to the shoreline, regardless of their direction of approach from deep
wator, The waves "wheel”™ arocund and break nearly at right angles to the beaoh.

In Run 13 (Pigure 3b) a transparent cors-shaped island wa: introiused, with
un:iformly sloping beaches extending abc e the water level., The slope of the
beach was 1315 (see data in Table I), Xe can see olearly the refraction of
the waves on the beach: the widening of the orsst-lines in the pictures
indicates the increase in wave heights toward the shore dua to the convergenoe
of energy along the crest,

Refraction by ourrents. The wave oharaoteristios suoh as steeprsss, length and
direotion of travel will be changed when waves encounter ourrexnts. (% ) The
steepresses of waves moeting crrosing ourrents inoreases, and when the current
is strong enough the waves might break. (ii) The wave steepnesses will be
reduced by a current in direotion of the wave travel. (iii) When waves meet

a current at an angle, directicnal changes oocur in wave travel,.

In these idealized ripple-tank studies no currents were present. The usual
esemipermanent ourrents around islends is zo%t signifioant beoause of low ourrent
veloocities involved, Hcwever, *idal currents arcund the islands may be sirczg
encugh to cause important refraction effeots,

Diffraction of waves around the islands. Wave energy is also propagated into
the lee of an island by diffraotion, as well as by refraction. The effeot ol
such diffraotion was estimated by Putnam and Arthur (Bef. 2). They utilized
the theory of diffractiocn of waves by a semi-infinite plane barrier ia water
of urlform depth as introduced by Penny and Price (Ref. 9). This theory does
not apply for small islands, but the re::1lts appear to be useful in the case of
large islands (many wave lengths in diametsr), This is illustrated by oampar-
ing the results of runs 15 to 25 (Pigs. 3f and 3g) whers a wave-‘rain is
interrupted by a cylinder with the axes perperdioular to the water surface and
with tho cylinder diameter varying from 0,09 L to 6.5 L. It appears that ver
small oylinders have almost no effect upon the wave train (Bun 15, D = 0.09 L).
Por the oylinders with D 3 0.8 L the effect cf “he oylinder was apparant to a
distance of approximately 3 wave lengths in the lee of the oylinder., This
aistance increased with incroasing cylinder diamcter, until at D = 361 L

(Run 23, Pigure 3g) nearly circular waves passed sround the oylinder without
interference effeots in the lee. This phenomsnon takes a relatively definite
sonfiguration at a distancs of approximately D - 6 L. Hence, it appoars that
the theory of diffraction of waves around a semi-infinite breakwatsr tip might
be used for islands larger than 6 wave lengths (which compared with diffraotion
at a breakwater gan), However, more experiments are necessary before more
dofinite oonolusions can be stated,

Tooiand? in divantinn nf wawva +traval. Tha axtaent of tha shaltarad -eeion in

Ly .au-. WA WY Wawee e tieme w wa e ==

the lee or an isltnd dopends largely upon the variability in dirsotion of travel
of the inoident waves. Larger variability means an inorease in wave intensity
in the sheltered area,
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